ABSTRACT A protein required for the elongation of replicating intermediates of adenovirus (Ad) DNA to full length has been isolated and characterized. This factor, isolated from nuclear extracts of uninfected HeLa cells, has been designated nuclear factor II. In the presence of Ad DNA with proteins at each 5' end (Ad DNA-protein) and three proteins coded for by the Ad genome [the preterminal protein (pTP), the DNA polymerase (Ad Pol), and the DNA binding protein (Ad DBP)], nuclear factor II complementing activity is detected only in the presence of host nuclear factor I. Highly purified preparations of nuclear factor II that are free of detectable DNA polymerase a, ,B, and -y activities contain a DNA topoisomerase activity. Furthermore, type I DNA topoisomerases purified from HeLa cells and calf thymus substitute for nuclear factor H complementing activity in the in vitro Ad DNA replication system. These results indicate that a protein that is involved in higher order DNA structure is required for Ad replication. This protein plus the purified proteins described above carry out the initiation and synthesis of full-length 36,000-basepair Ad DNA.
The adenovirus (Ad) DNA replication system reported by Challberg and Kelly (1) is the only higher eukaryotic system that initiates duplex DNA synthesis in vitro. In previous studies, we described an in vitro Ad DNA replication system that required nuclear extracts prepared from uninfected HeLa cells and three viral encoded proteins-the Ad DNA binding protein (Ad DBP), the preterminal protein [pTP; 80-kilodalton (kDa) precursor to terminal protein], and the 140 kDa Ad DNA-dependent DNA polymerase (Ad Pol). In this reconstituted system, DNA synthesis is initiated from either of the 5' ends of the viral DNA by the formation of a covalent linkage between the ,B-hydroxyl group of a seryl residue of the pTP and 5' dCMP in a reaction catalyzed by the Ad Pol, with subsequent DNA chain elongation (2) (3) (4) (5) .
We have shown that nuclear extracts from uninfected cells are required for the pTP-dCMP complex formation as well as for chain elongation. The nuclear factors have been purified as two distinct fractions (6) . One protein, which we have called nuclear factor I (7), is a 47-kDa protein that stimulates the formation of pTP-dCMP in the presence of pTP and Ad Pol. When Ad DBP is included in the reaction, the formation of pTP-dCMP initiation complex is markedly dependent on the addition of nuclear factor I. Furthermore, nuclear factor I stimulates dNMP incorporation in the Ad DNA elongation system. However, the rate and extent of DNA synthesis in the Ad DNA reconstituted replication system is significantly lower when purified nuclear factor I is used in lieu of uninfected nuclear extracts. In this report, we describe the isolation and characterization of a second protein factor from nuclear extracts of uninfected HeLa cells. This factor, which we have called nuclear factor II, stimulates dNMP incorporation only in the presence of nuclear factor I (in addition to pTP, Ad DBP, and Ad Pol). In the presence of both nuclear factor I and nuclear factor II, full-length 36-kilobase pair (kbp) Ad DNA is synthesized, whereas in the presence of nuclear factor I alone, DNA products ranging in size between 25% and 35% of full-length DNA are formed. We have found that a DNA topoisomerase activity copurified with nuclear factor II activity. In accord with the hypothesis that nuclear factor II is a topoisomerase, type I DNA topoisomerase purified from either HeLa cells or calf thymus substitutes for nuclear factor II in the reconstituted Ad DNA replication system.
MATERIALS AND METHODS
Materials. The preparation of extracts, purification of proteins, and isolation of serotype 2 Ad DNA-protein were as described (2-4).
Assay for DNA Polymerases. Assays for DNA polymerase a, f3, and y activities were carried out as described (7) (8) .
Complementation were not adsorbed to the column, whereas nuclear factor I complementing activity and DNA polymerases a and y were adsorbed. The flow-through fractions (213 ml) were pooled, diluted to 0.025 M NaCl by addition of buffer C (25 mM Tris HCl, pH 8.5/1 mM EDTA/1 mM dithiothreitol/20% glvcerol/10% sucrose/0.01% Nonidet P-40), and applied to a carboxymethylcellulose column (2.1 x 10 cm) equilibrated with buffer C containing 0.025 M NaCl. The column was washed with 70 ml of the same buffer and eluted with a 300-ml linear gradient of 0.025-0.5 M NaCl in buffer C. Two peaks of complementing activities that scored in the assay system for nuclear factor II were observed. The first was eluted at 0.08 M NaCl and was contaminated with nuclear factor I independent activity, whereas the second was eluted at 0.18 M NaCl and showed complete dependence on the addition of nuclear factor I in the complementation assay for nuclear factor II. The latter peak fractions were pooled (carboxymethvlcellulose eluate, 51.5 ml), adjusted to 0.15 M NaCl by addition of buffer C, and applied to a denatured DNA-cellulose column (1.4 x 5 cm) equilibrated with buffer C containing 0.15 M NaCl. The column was washed with 20 ml of the same buffer and eluted with an 80-ml linear gradient of 0.15-1.0 M NaCl in buffer C. Nuclear factor II complementing activity was eluted at 0.35 M NaCl (with a minor peak at 0.45 M NaCI). The active fractions that were eluted at 0.35 M NaCl and at 0.45 M NaCl were pooled separately and designated fractions VA and VB, respectively (see Table 1 ).
RESULTS
Effects of Nuclear Factors on the Elongation Reaction. The elongation reaction directed by the Ad DNA-protein can be examined in three assavs.
(i) In the presence of dCTP, dATP, dTTP, and dideoxy GTP, a complex of 26 nucleotides covalently linked to the pTP is formed. Elongation proceeds to this point because of the fact that the first dGMP appears in the Ad DNA sequence at nucleotide 26 (3) . Under the conditions used, the product (pTP-26-mer) migrates in NaDodSO4/polyacrylamide gels as an 88-kDa complex. Under these conditions, we also detect the accumulation of the pTP-dCMP complex, which migrates as an 80-kDa product. The effect of nuclear factor I on the formation of the 80-and 88-kDa product was examined in the presence of the purified pTP-Ad Pol fraction and Ad DNA-protein as template (Fig. 1A) . The 80-kDa product predominated and was (10 ,ul) (2) . [a-32P]dCMP-labeled products were applied to an agarose slab gel (1%; 10 cm x 15 cm X 0.4 cm). Electrophoresis and autoradiography were as described (2) . Ad2 DNA fragments (fragments A-I) generated by Kpn I digestion are shown in the map under B. enhanced by the addition of nuclear factor I. When Ad DBP was added to the reaction, the 88-kDa product predominated and also was enhanced by nuclear factor I. Thus, the formation of both 80-and 88-kDa complexes was stimulated by the addition of nuclear factor I, but in the presence of Ad DBP, the 88-kDa complex form predominated. In the presence of Ad DBP, nuclear factor I stimulated the synthesis of both complexes 4-to 5-fold.
(ii) Digestion of Ad DNA-protein with the restriction enzyme Xba I yields two fragments (E and C) from each end, which are covalentlv linked to protein. The E fragment [1,368 base pairs (bp)] and the C fragment (4, 212 bp) are the only fragments replicated if Xba I-digested Ad DNA-protein is used as template. Terminal fragment synthesis was shown to be stimulated by nuclear factor I (6).
(iii) The effect of nuclear factor I on the rate of DNA synthesis with Ad DNA-protein as template was examined. In these experiments the DNA products were subjected to Kpn I digestion after the synthesis reaction (Fig. 1B) . In the presence of the pTP-Ad Pol fraction and Ad DBP, labeling of the terminal fragments G and F was detected; the addition of nuclear factor I markedly stimulated the labeling of these two fragments (2,088 and 2,340 bp long, respectively) and resulted in the further extension of the DNA synthesized to fragments A and B. These results suggest that nuclear factor I acts in concert with the pTP, Ad Pol, and Ad DBP in the early stages of the elongation reBiochemistry: Nagata et al. action. Products synthesized by these proteins were elongated to =30% of the length of full-sized Ad DNA-protein. The further addition of pTP, Ad Pol, Ad DBP, nuclear factor I, or the nucleoside triphosphates did not alter the final length of the products. As described below, the addition of nuclear factor II resulted in a resumption of nucleotide incorporation with the production of full-length Ad DNA. Purification of Nuclear Factor II Complementing Activity from Uninfected HeLa Nuclei. The procedure used for the isolation of nuclear factor II complementing activity is summarized in Table 1 . Reaction mixtures containing the pTP-Ad Pol and Ad DBP in the presence or absence of near saturating levels of nuclear factor I were used for the detection of nuclear factor I-independent and -dependent activities, respectively. Nuclear factor II complementing activity, detected as a nuclear factor I-dependent activity, was separated from nuclear factor I by chromatography on DEAE-cellulose and on carboxymethylcellulose as described. DNA polymerases a and y were removed by adsorption to the second DEAE-cellulose column, whereas DNA polymerase f3 was removed by chromatography on denatured DNA-cellulose (Fig. 2) . Nuclear factor II complementing activity was eluted at 0.35 M NaCl, with a minor peak at 0.45 M NaCl; DNA fraction, or Ad DBP resulted in no DNA synthesis ( Table 2 ). In the presence of both the pTP-Ad Pol fraction and Ad DBP, synthesis was stimulated by the addition of nuclear factor I but not by the addition of nuclear factor II. The simultaneous addition of nuclear factor I and nuclear factor II stimulated DNA synthesis 15-fold, attaining a value higher than expected from the additive effect of each alone. Stimulation by nuclear factor II was completely dependent on the presence of nuclear factor I. Maximal replication of Ad DNA-protein with purified proteins required ATP and was sensitive to aphidicolin to the same extent previously observed with crude extracts that supported in vitro Ad DNA replication (2) .
Effects of Nuclear Factor II on Ad DNA-Protein Replication System. Nuclear factor II had no effects on the formation of the pTP-dCMP complex, the synthesis of the 88-kDa protein-26-mer complex, or the replication of terminal fragments generated by Xba I restriction of Ad DNA-protein. The product formed in reaction mixtures containing the pTP-Ad Pol fraction, Ad DBP, Ad DNA-protein, and nuclear factors I and II was full length, as judged by alkaline sucrose gradient centrifugation (Fig. 3) . This synthesis required 90-120 min of incubation at 30°C and started with a marked lag, which depended upon the amount of the pTP-Ad Pol fraction added. Omission of nuclear factor II resulted in the synthesis of 20S DNA, which is approximately 25% of the full-length Ad DNA. Aphidicolin inhibited the extensive elongation of DNA chains observed in the presence of nuclear factor II. DNA chains of 20 S accumulated in the presence of aphidicolin.
Properties of Nuclear Factor H Complementing Activity. Gel filtration of fraction VA indicated that nuclear factor II complementing activity was eluted as a protein with a native mo- (Fig. 4A) , possessing a Stokes radius of 26 A (10) . NaDodSO4/polyacrylamide gel electrophoresis of fractions obtained by gel filtration (Fig. 4A) revealed two major bands (14.5 and 15.5 kDa) and one minor band (30.5 kDa). These protein bands correlated with the presence of nuclear factor II complementing activity (data not shown). Nuclear factor II fractions (VA and VB) contained no detectable nuclease (with single or double-stranded circular DNAs), DNA-dependent or -independent ATPase, RNA polymerase, or DNA polymerase activity. However, topoisomerase activity was detected in the most purified fractions (Fig. 4B) . The elution profile of topoisomerase activity and nuclear factor II complementing activity from the gel were identical.
Characterization of the Topoisomerase Activity in the Ad DNA Replication System. Nuclear factor II complementing activity and topoisomerase activity in factor II preparations were sensitive to N-ethylmaleimide treatment. Both activities were inactivated equally by heat treatments at 450C for 15 min (30% inactivation) and at 90'C for 2 min (60% inactivation) (Fig. 5) . Topoisomerase activity in the nuclear factor II preparations did not require Mg2+ or ATP and changed the linking number of a unique topoisomerase of plasmid pNT7 by steps of one, demonstrating that it was a type I topoisomerase. Aphidicolin or nuclear factor I had no effect on the topoisomerase activity in nuclear factor II preparations (not shown).
The effects of type I topoisomerases purified from HeLa cells, calf thymus, and Escherichia coli on the Ad DNA-protein replication system were examined (Fig. 6) . Eukaryotic topoisomerases substituted for nuclear factor II in the presence of the (Fig.-3 (11, 12) . This restraint can be relieved by a eukaryotic topoisomerase type I activity-by virtue of its ability to relax topological torsion. It is interesting to note that the bacterial topoisomerase I did not replace factor II activity in the replication of Ad DNA-protein, whereas the eukaryotic enzymes did. Differences between these enzymes include the fact that bacterial topoisomerase forms a transient nick by covalent linkage to the 5'-phosphoryl group, acts only on negative superhelical turns, and acts poorly as the extent of superhelicity is lowered. In contrast, the eukaryotic enzyme forms a covalent linkage to the 3'-phosphoryl group, acts on both negative and positive superhelical turns, and is capable of relaxation at low levels of superhelical density (12, 13) .
Early reports on type I DNA topoisomerases purified from various eukaryotic sources (12) indicated that the molecular weight of the enzymes is 60-70 kDa. However, it has been shown that this size is due to proteolytic cleavage of a larger 100-kDa enzyme (14) . The DNA topoisomerase activity present in nuclear factor II preparations possesses a native molecular weight of -30 kDa, considerably smaller than the 100-kDa topoisomerase I isolated from HeLa cells (14) . This size discrepancy may reflect proteolysis or the presence of a different topoisomerase.
The ability to replicate Ad DNA-protein with purified proteins should permit us to define the mechanism of action of each of the proteins. A specific effect of the Ad DBP on the Ad Pol has been detected (unpublished data); in the presence of poly(dT)oligo(dA) [ (15) and for host replication (16) .
Recently, we have shown that nuclear factor I binds selectively to a 451-bp DNA fragment containing the adenoviral terminal sequence from 0 to 1.3 map units but lacking the 55-kDa terminal protein. Studies aimed at determining the minimum sequence required for this selectivity are now in progress. Thus, the Ad replication system should prove useful in our understanding of eukaryotic replication, even though the initiation events may differ.
